1. Nature of Problem.-The flickering sensation produced by regularly interrupted illumination disappears when the frequency of interruptions is made sufficiently high. Under controlled conditions the determination of this critical fusion frequency may be made with considerable accuracy; its precise value, however, depends on a variety of conditions, of which the most effective is the intensity of the illumination.
The relation between these two variables is not wholly clear at present. Though the dependence of the critical frequency on illumination was recognized over one hundred years ago, it was only forty years ago that
Ferry' formulated what has since become known as the Ferry-Porter law, namely, that the critical frequency is proportional to the logarithm of the illumination intensity. Ferry's published measurements distinctly do not support this generalization, but the later data of Porter2 do. Porter, however, found that when the critical fusion frequency-as cycles of light and dark per second-is plotted against the logarithm of the intensity the data fall on two straight lines instead of one. The two lines intersect at an illumination of about 0.25 meter candles, and the slope of the lower is 1.56 while that of the upper is 12.4. These findings were corroborated by Ives3 in 1912. Ives's data for different parts of the spectrum show a dual logarithmic relation similar to that for white light. However, the slope of the straight lines and their point of intersection seem to vary with the wave-length of the light, the upper and lower limbs of the relationship varying in different ways. In addition Ives found the extraordinary fact that for blue light, the lower line becomes horizontal.
These peculiarities are difficult to reconcile with the obvious interpretation of Porter's data which is generally given in terms of the Duplicity Theory, that is, that the lower limb describes the function of the rods while the upper limb describes the function of the cones. This difficulty has been emphasized by Allen4 whose flicker studies in general confirm Porter and Ives, though differing from them in particulars. Thus Allen draws through his measurements about five short straight lines of different slope, instead of the two drawn by Porter and by Ives.
In our estimation, the data presented by Allen do not justify such treatment. The points seem to lie on a continuously curving line, and deviate from it no more than would be One striking thing appears in the work of Lythgoe and Tansley though they do not iecognize its significance. Ives had found that for blue light the lower limb of his data is horizontal, and in this he had been confirmed by Allen.7 This seemed a special property of blue light. However, Lythgoe and Tansley have recorded that when measurements are made with a retinal area 100 from the center of the eye the lower portion of the data tends to be horizontal even for white light.
Our determination to study the phenomenon of flicker was prompted first, by the confused state of the situation in its relation to rod and cone functions; and second, by the fact that none of the existing measurements cover a range of intensities sufficient to define the relation between critical frequency and intensity over the functional range of the eye. We therefore measured this relation for different portions of the retina, for different colors, for as large a range of illuminations as possible, and under such conditions of fixation and surrounding illumination as to render the data reproducible and definitive.
2. Apparatus and Method.-The arrangement of the apparatus is shown diagrammatically in figure 1. The source of light is a concentratedfilament, 500-watt, projection Mazda lamp, running on direct current from storage cells. The lamp is in a rectangular housing having a circular opening in each of two adjacent walls. The openings are covered With ground glass, and serve as two secondaty sources of illumination.
The light from one is deflected 900 in its path, by a totally reflecting prism, and focussed by a lens into the plane of a rotating, sectored wheel. The diverging light then passes through a hole in the silvering of a photometer cube, immediately after which it is focussed by a lens on to the exit pupil. Between this last lens and the exit pupil there are (a) places for filters, of which we used both neutral and monochromatic, (b) a neutral, balanced, gelatine wedge and (c) a very thin slip of glass, tilted so as to reflect a red fixation point into the eye looking through the exit pupil.
The light from the other ground glass of the lamp house passes through an identical optical system and ultimately impinges on the photometer cube, where it is reflected from the silvered diagonal face, through the lens, filters, wedge and glass slip, on to the exit pupil.
This exit pupil is a circular opening 1.8 mm. in diameter, and constitutes the artificial observation pupil. An eye looking through it sees the photometer cube through the wedge, balancer, filters and lens, and sees it bounded by the circular edge of the lens. The visual field is thus a circular VOL. 19, 1933 area 2 degrees in diameter illuminated with intermittent light, and surrounded by a circular field 10 degrees in diameter illuminated with continuous light. The brightness of the whole field is uniform; that is, the brightness of the surrounding field is the same as the brightness of the test field when the sectored wheel is going well beyond the critical frequency of flicker, and the central field appears continuously illuiminated.
The Each series of measurements was begun at the lowest intensities. Therefore the subject was well dark-adapted before. Sufficient time was allowed at each measurement for the retina to become adapted to the particular intensity being measured, a procedure we found to be very important for the reproducibility of the data. All the readings recorded are for the right eye of S. H. and for the right eye of C. D. V.
3. Foveal Measurements.-The data which we secured fall into several groups, depending on the ideas which urged us to make them. The measurements of Porter, with their division into two portions, made sense in terms of a separation of rod and cone function in flicker. If, in spite of subsequent confusion, this separation of rod and cone function is real, it should be possible to get a complete cone curve by confining the measurements to the rod-free area of the fovea. Our first measurements were therefore made with strictly central fixation, which was maintained at the low intensities even when fixation normally would wander to the periphery. Because the flickering area is 2°in diameter, central fixation makes it fall on a retinal region which is practically free of rods.8
The data are given in figures 2 and 3. Each point of the foveal readings is the average of about 12 readings for S. H. and about 30 for C. D. V. It is clear that for the fovea there is one continuous relation between critical frequency and the logarithm of the intensity. The relationship, however, is not rectilinear, but distinctly sigmoid, the S-shape being rather drawn out. Ina the range of intensities lying between about 0.03 photon and 30 photons, the data lie with reasonable precision on a straight line. In this respect we can confirm Porter, Ives and the other workers. Below 0.03 photon the critical frequency continues to decrease as log I decreases, forming a gentle curve and stopping fairly abruptly when with central fixation the field appears uniform even when the test area is extinguished.
At the highest intensities the relation between critical frequency and log I rapidly ceases to be linear. As the intensity is raised a maximum critical frequency is soon reached, beyond which a further increase in intensity results in no further increase in critical frequency; rather it results in a decrease. The maximum critical frequency comes at about 200 photons for S. H. and at about 500 photons for C. D. V. The value of the critical frequency at this maximum is 53 cycles per second for C. D. V. and 45 cycles per second for S. H. With a further increase in the intensity, the critical frequency distinctly decreases.
The slope of the middle portion of the data is 11.1 for C. D. V. and 11.0 for S. H. It is important to point out that this is the same magnitude of slope found by Porter and by Ives for that portion of their data which has been generally considered as representing the cone function. In our measurements we have isolated that function so that it appears in complete form, and we have identified it anatomically with a region of the eye which /elima/ I//urminatlon-/og0 I-hofoMs FIGURE 3 Data for C. D. V. showing relation between critical frequency and log I for white light for three retinal locations: at the fovea, and at 50 and 200 above the fovea. 4. Peripheral Measurements.-The correctness of this conclusion becomes even more apparent when the measurements are made with regions of the retina outside the fovea centralis. We measured the critical frequency for white light with the same set-up as before but with fixation at 50 above the center. The data are given in figure 2 for S. H. and in figure  3 for C. D. V.
The measurements clearly fall into two parts. The first is at low intensities, where the critical frequency first rises with log I and then reaches a maximum which is maintained approximately constant for 1.25 logarithmic units. The total intensity range covered by this rise and plateau is about 3.25 logarithmic units. The second part also begins with a rise in critical frequency as log I increases, and also terminates when the critical frequency reaches a maximum, and then declines. The intensity range covered by the second part is about 4 logarithmic units.
These results are so striking that we wished to be certain of their general validity over the retina. We therefore measured the relation between critical frequency and illumination for the same test area and surround as before, but placed 50 peripherally in the four principal directions: up, down, nasal, temporal. The data for C. D. V. are given in figure 4 , where each point is the average of two or three concordant readings. It is apparent that the essential phenomenon recorded is a general one, since the data all show the same division into two parts, with a rise and a plateau for each part.
Of the two, the part at the higher illuminations resembles the foveal curve in appearance, and has practically the same slope. Most likely, therefore, this portion represents the behavior of the cones. Moreover, the portion at low illuminations is a distinct and complete relationship, and does not appear in measurements made in the rod-free area. The obvious conclusion here is that the rise and the plateau at low illuminations represent the function of the rods.
Measurements with the test field still farther out in the periphery confirm and extend these findings. The data for a test area placed at 15°above the center are given in figure 2. The data for a similar area placed at 200 above the center are given in figure 3 . The data show the same division into two parts, each with a rise of critical frequency versus log I and subsequent plateau as do the data already given for a 50 peripheral displacement.
The plateau for the 150 and 200 off-center measurements is about 0.75 log units longer than for the 50 off-center data. This is because at 15°a nd 200 the low values of the critical frequency occur at lower intensities and the high values occur at higher intensities than at 50 off-center. Thus the rod system becomes more sensitive and the cone system less sensitive as the measuring area moves from the center farther into the periphery. This is in keeping with the anatomical increase in number of rods and the converse decrease in cones as one proceeds along the retina from the center toward the periphery. periphery at nearly threshold illuminations when there is no color visible, thus expressing the function of the cones. The two curves are arbitrarily made almost to coincide in the red region of the spectrum, since it is well known that in that region the color threshold is only slightly above or almost coincident with the colorless threshold.
Obviously if the relation between intensity and critical frequency is measured for a peripheral region containing rods and cones, the separation between the rod portion and the cone portion of the data should depend on the wave-length. In the red, the two portions should be only slightly, if at all, separated on the log I axis, whereas as the wave-length decreases toward the violet the separation should continue to become greater and greater.
To test this we made measurements with the field placed 50 above the center, using different parts of the spectrum isolated by Wratten monochromatic filters. The resulting data for C. D. V. are given in figure 5 . The wave-lengths in the inset give in each case the center of the trans-500 600 /VaFveIU-RE /-ny FIGURE 5 Comparison of rod and cone sensibility distributions in the spectrum, taken from the data of Hyde, Forsythe and Cady, and of Hecht and Williams. The curves are each accurately drawn from their separate data. Their vertical separation, however, has been arbitrarily arranged so that they are nearly coincident in the red; this is a graphic expression of the fact that the colorless and color thresholds of the eye are nearly coincident in the red. mission band of the filter. The data for all colors at high intensities show a relationship between critical frequency and log I similar to that found for white light under similar conditions. In figure 5 we have plotted the data for all the colors in such a way that this high intensity portion is superimposed on the similar portion of the white curve for 5°of figure 3.
VOL. 19, 1933 The slopes of all the colors for this portion are not identical, but they are near enough so that this procedure is possible. The different positions of the low intensity portions of the data are thus at once apparent. They show that the degree of separation of the two parts of the data for each wave-length is a function of the wave-length, and that the magnitude of the separation is of the expected order. One may therefore conclude that the two portions of the data correspond to the two systems in the retina, the low intensity portion to the function of the rods, and the high intensity portion to the function of the cones.
6. Theoretical Formulation.-The form of the data for the two receptor systems seems well enough defined to risk a tentative theoretical formulation of them in terms of known and hypothetical properties of vision. The outside stimulus alternates abruptly between light and dark. When this alternation occurs infrequently, the full difference is sharplv perceptible in sensation. The more frequent the alternation, the less is the difference in sharpness and in intensity between the successive sensations; and when the frequency of alternation is sufficiently rapid the difference between the successive sensations vanishes and the outside fluctuating light appears continuous. Where does the significant transformation occur?
The work of Adrian and Matthews" shows unmistakably that this transformation is accomplished in the retina.' They found that in the eel's eye the total rate of impulses proceeding along the optic nerve becomes uniform and shows no periodic changes for as low a frequency of intermittent retinal illumination as 5 cycles per second at low intensities, even though the nerve is shown to be capable of carrying a sharply defined series of impulse groups occurring three times as frequently at higher illuminations. Such a result would follow whether flicker depends on regular variations in the number of elements sending impulses or on regular variations in the frequency of discharge of continuously functional elements. In any case, flicker is essentially a retinal problem.
The retina is a complicated structure, and not enough is known about it to furnish the material for an adequate formulation of so complex a phenomenon as flicker. However, no matter what else occurs in the retina, the very first step in vision must involve a photochemical change having certain fairly well-defined characteristics. Since the products of this photochemical change serve only to start the complicated train of events which finally yield a series of impulses in the optic nerve, it cannot be expected that the behavior of the photochemical system alone will yield a complete description of the receptor process. Nevertheless, it is necessary to point out that this very first step in its relation to intermittent illumination already shows many of the essentially quantitative properties of flicker.
The familiar conception'2 of the first step in the photoreceptor process regards it is as a reversible photochemical reaction in which a sensitive sub-stance is changed by the light into photoproducts which recombine under certain conditions to form the original substance. The velocity of the process under the influence of light is dx
where I is the intensity, a the initial concentration of sensitive material and x the concentration of photoproducts. In the absence of light, only the "dark," regenerating reaction goes, and the equation dx = k2x2 (2) gives the rate at which it forms the photosensitive material. In intermittent illumination these two reactions alternate rapidly, and at the disappearance of flicker, they form a steady state Retllol I1//trnxthoon-/0og-photons (,Wh#e) FIGURE 6 Relation of critical frequency to log I for a 56 off-center retinal position for different parts of the spectrum. The upper portions of the data have been made coincident with the white data under similar conditions. Theoretical representation of data for S. H. given in figure 4 . The curve through the low intensity section of the 50 off-center data is drawn from equation (5) whereas the other two curves are drawn from equation (6 R4efil2a 1z1m117af/o1.-log I-lholoos FIGURE 8 Theoretical representation of data for C. D. V. from figure 3. The curve through the low intensity section of the 5°off-center data is drawn from equation (5); the other two curves are drawn from equation (6 figure 4 , the curve through the cone portion of the 50 offcenter data is given by 6.93IP*55 = n/(6.08 -n), and for C. D. V. the corresponding line in figure 5 is given by 6.7410-w0 = n/(6.33 -n).
For the foveal data of S. H. in figure 4, the curve is 11.7210-.2 = n/(6.93-x/n), and for the corresponding data in figure 5 for C. D. V. the curve is 9.15Th44 = n/(7.48-Vn).
These numerical comparisons between the measurements and equations (5) and (6) show that the initial step in photoreception considered as a reversible photochemical reaction is able to furnish a first order description of the relation between the critical frequency of flicker and the intensity. It has already been shown13 that Talbot's law follows from the same considerations. It is therefore of interest to point out that the behavior of the critical frequency during light and dark adaptation as well as the rise and fall of critical frequency with increasing ratio of light to dark periods also may be derived from such a formulation. These aspects of the fficker problem, the full details of the present measurements, and a consideration of current theories of flicker are all dealt with in a paper to appear in the Journal of General Physiology.
7. Summary.-Measurements of the critical fusion frequency for white light, when made with the rod-free area of the fovea yield a single, sigmoid relation between critical frequency and log I. Similar measurements made with a retinal area 50 off-center containing rods and cones show a relation possessing two clearly separated sections. The high intensity section resembles the one obtained for the fovea, while the low intensity section is new. The two sections are separated by a horizontal limb at about 10 cycles per second maintained for 1.25 log units of intensity.
The two sections of the data are separate functions of the rods at low intensities and of the cones at high intensities. This is borne out by measurements made with retinal areas 150 and 200 from the fovea where the ratio of rods to cones is anatomically greater than at 50 off-center. As a result the two sections of the data become still further separated than at 50 off-center.
Further confirmation of the rod-cone character of the peripheral data is furnished by measurements of flicker for 50 off-center, with different portions of the visible spectrum. Following the established variations in relative sensibility of the rods and cones at different wave-lengths, the two sections of the data show a corresponding separation along the intensity axis for different wave-lengths. The separation is greatest in the violet and least in the red.
A theoretical treatment of the measurements in terms of a reversible photochemical system shows that a first order quantitative description of the data can be given by the properties of such a system considered as the initial event in photoreception.
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